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(Received 9 January 2003; published 30 June 2003)012501-1The reaction 9Be28Mg; 26Ne X has been studied at 82 MeV=nucleon together with two similar
cases, 30Mg and 34Si. Strong evidence that the reactions are direct is offered by the parallel-momentum
distributions of the reaction residues and by the inclusive cross sections. The pattern of the partial cross
sections for 28Mg suggests the presence of correlations. A preliminary theoretical discussion based on
eikonal reaction theory and the many-body shell model is presented. The reaction holds great promise
for the study of neutron-rich nuclei.
DOI: 10.1103/PhysRevLett.91.012501 PACS numbers: 21.10.Jx, 24.10.–i, 25.60.Gc, 27.30.+tunits in Z beyond the neutron drip line. obtained after retroconversion to the center-of-massA direct reaction proceeds from an initial to a final
state of a system by the selective excitation of a small
number of nucleonic degrees of freedom [1,2]. Its cross
section is then specified by the wave functions describing
these few particles. This has made direct reactions a
powerful and widely applied tool for investigating one-
and two-nucleon wave functions in nuclei. The present
work extends the use of direct reactions by showing that
two-proton removal from a neutron-rich system at high
energy proceeds as a direct reaction. This is what would
be expected intuitively from the asymmetry in proton and
neutron separation energies which suppresses alternative
reaction paths to the 2p final state. To see this, consider
the nucleus 28Mg with a two-proton separation energy of
30.0 MeV, where an alternative to the direct path would be
the formation of 27Na in a one-proton knockout. Here,
however, the channel for proton evaporation is closed up
to the proton separation energy of 13.3 MeV, thus exclud-
ing the major part of the strength in this direct reaction.
Even above the proton threshold, neutron evaporation
(with a separation energy of 6.8 MeV) will be much
more likely.
In the following, measurements of total and differen-
tial cross sections for formation of the reaction residues
are presented. The detection of coincident gamma rays
provides partial cross sections, just as in our previous
work on one-nucleon knockout reactions [3–7]. This is in
contrast to the work of Yoneda et al. [8], who used the
reaction as a tool to populate excited levels in in-beam
gamma spectroscopy. Two-proton removal is clearly a
favorable reaction for producing neutron-rich nuclei; the
first application in a radioactive-beam experiment was
the use of the p; 3p reaction in 1970 [9]. The two-proton
knockout 11Be; 9He has recently been used by Chen et
al. [10]. They recognized that the reaction would be direct
and would offer a favorable spectroscopic factor in a
search for the lowest continuum s state in 8He n, two0031-9007=03=91(1)=012501(4)$20.00 The three nuclei studied, belonging to a region of
current interest [6,11–13], were produced in fragmenta-
tion of a 140 MeV=nucleon 40Ar beam from the Coupled-
Cyclotron Facility at the NSCL. The secondary beams
were selected in the A1900 fragment separator [14] with
the momentum acceptance reduced to 0.5% in order to
permit operation of the high-resolution S800 spectro-
graph [15] in dispersion-matched mode. The reaction
energies vary considerably because of the large energy
loss in the secondary beryllium target of 3754 mg=cm2
(approximately 13 MeV=nucleon for 28Mg). The average
energies were 82.3, 88.5, and 67:1 MeV=nucleon, respec-
tively. The reaction residues were momentum analyzed
in the spectrograph and unambiguously identified by
the energy loss and time of flight between the beam-
monitoring scintillators located in the focal plane of the
A1900 and scintillators in the focal plane of the S800
spectrograph.
The results from the measurements of the residues are
shown in Fig. 1. The incident beam intensities and total
measuring times were for 28Mg, 2 104 s1 and 18 h, for
30Mg, 2 103 s1 and 18 h, and for 34Si, 8 103 s1 and
32 h. Only a part of the parallel-momentum distribution
could be detected in a single setting of the spectrograph,
and the complete distribution shown for 28Mg is a com-
posite from three field settings. The inclusive cross sec-
tions given in the figures have been corrected for angular
and momentum acceptance [15].
The secondary target was surrounded by the SeGA
(segmented germanium array) consisting of fourteen
32-fold segmented germanium detectors [16] arranged
at a distance of 20 cm from the target in two rings with
angles of 90 and 37 relative to the beam axis. The
segmentation allowed for an event-by-event Doppler re-
construction of the energies of the  rays in coincidence
with the knockout residues. Pseudodata from GEANT 3
simulations [17] successfully modeled the line shapes2003 The American Physical Society 012501-1
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FIG. 2. Gamma-ray spectra in counts per 32 keV bins. The
main peaks, all representing 2 ! 0 and 4 ! 2 transi-
tions, are labeled by the energy in MeV (uncertainty 0.02 MeV)
and by the absolute intensity relative to the number of observed
fragments. The dashed peak shapes are simulated response
curves normalized to match the number of counts in the full-
energy peaks. The continuous distribution (dashed line) is
attributed to radiations from the target and is adjusted to the
28Mg data as a sum of a straight line and an exponential. The
same continuum, scaled with the number of residues, is shown
in the 34Si spectrum. The full-drawn lines represent the sum of
all three components.
TABLE I. Theoretical spectroscopic factors SpI in the
d p5=2 single subshell model (left) and comparison (right) of
the experimental values with an sd shell-model calculation
for the case of 28Mg. Sex is in units of 22  0:29 mb.
I p  2 p  4 p  6 Eth Eex Srel Sex
0 1 1.33 1 0.00 0.00 1.6 2.4(5)
2 0 1.67 5 2.01 2.02 0.14 0.3(5)
4 0 3 9 3.66 3.50 (2.0) 2.0(3)
2 	 	 	 	 	 	 	 	 	 3.45 3.7 0.46 0.5(3)
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FIG. 1. Parallel-momentum distributions for two-proton
knockout reactions. The theoretical curves include the
Lorentz correction and the broadening arising mainly from
the target thickness. The full drawn curves are estimates for
knockout of two protons in 0d states. For 28Mg the width
(FWHM) without the stopping power correction would be
380 MeV=c; the comparison value for two protons in 1s states
(dashed) is 282 MeV=c and for a single 0d knockout (dash-
dotted) 298 MeV=c.
P H Y S I C A L R E V I E W L E T T E R S week ending4 JULY 2003VOLUME 91, NUMBER 1system. The full-energy peak efficiencies obtained this
way ranged from 3.2% at 0.885 MeV to 1.8% at 2.02 MeV.
The resolution of approximately 2.5% was limited by the
close distance of the detectors, by the differential energy
loss between projectile and fragment, which differ in Z by
two units, and by the size of the target. The main states
identified in Fig. 2 are all known from previous experi-
ments, the 2 states from Coulomb excitation (see
Ref. [11] and references therein) and the 4 states from
in-beam gamma spectroscopy [18,19]. For the detailed
analysis of the 28Mg results it is important that a 10%
excess of intensity near 1.7 MeV must be due to the second
2 and 0 states, decaying by gamma rays of 1.66 and
1.80 MeV [18] and seen also in beta decay [20]. The
reaction of 34Si shows an apparent excess of gamma
intensity above the adjusted continuum curve for energies
above 1.4 MeV. This suggests that the cross section is
fragmented to unobserved higher states and that it is not
safe to deduce cross sections from an intensity balance.
For 32Mg (not shown in the figure) the statistics was low;012501-2the two main peaks were 1.32 MeV (2), 53(13)% and
1.73 MeV (4), 39(13)%. In the following we restrict the
analysis of the partial cross sections to the case of 28Mg,
for which the gamma information appears close to com-
plete. This is also the case that is simplest from a theo-
retical viewpoint since both the initial and final states
have a spherical configuration stabilized by the pro-
nounced subshell closure at N  16 [12]. The energies
agree well with a calculation using the sd model space
with the USD effective interaction [21,22]; see Table I.
A comprehensive theory for direct two-proton knock-
out will necessarily be more complex than that for knock-
out of a single nucleon. In the latter case the partial cross012501-2
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scribing the contribution from many-body nuclear struc-
ture (‘‘the spectroscopic factor’’) and a part describing
the reaction dynamics (‘‘the single-particle cross sec-
tion’’) [4]. This no longer holds for the two-nucleon pro-
cess. For this, many two-particle components may,
within each total-angular-momentum channel, contrib-
ute coherently. The transition amplitude can then have
significant interference effects reflecting combined con-
tributions from structure and reaction geometry. One may
think of the ideal theory as one uniting many-body shell-
model wave functions and the eikonal approximation with
the geometrical explicitness of few-body reaction models.
Such a theory does not exist. In what follows, we succes-
sively introduce four simple approximations in order to
circumscribe the problem and arrive at a first quantitative
understanding.
(i) Calculation of the absolute cross section in eikonal
reaction theory assuming two uncorrelated protons. For a
process engaging any two particles in the valence shell it
is convenient to assume that the two particles are uncor-
related. Eikonal reaction theory [4] then gives the basic
unit of cross section as (neglecting spin-orbit splitting)
‘1‘2 
Z
d ~bjScj2
Y
i1;2
1
2‘i  1
X
mi
h‘imij1jSpij2j‘imii:
(1)
Here Sc and Sp are the elastic S matrices (profile func-
tions) for the core- and proton-target systems, functions
of their individual impact parameters, and are calculated
in the optical limit of Glauber theory. The individual
proton-core relative motion wave functions j‘mi are cal-
culated in Woods-Saxon potentials with depths adjusted
to reproduce the proton separation energies. We neglect
recoil of the heavy core. Equation (1) allows a simple
interpretation as the integral over the two-dimensional
impact parameter and average over m substates of the
joint probability of the core being elastically scattered
and of the two protons being absorbed. Diffractive
breakup processes are assumed to be negligible for these
very deeply bound protons. (For the simpler case of
diffractive breakup of a single proton, a sum-rule esti-
mate gives an upper limit of 20%; the contribution is most
likely smaller in the two-proton case.) For 28Mg the cross
section 22 is 0.29 mb, 00 is 0.35 mb, and 20 is 0.32 mb.
The corresponding ‘  2 (0) single-particle (unit) cross
sections for knockout of one proton are 11.6 (14.8) mb. For
30Mg 22 is 0.22 mb, and for 34Si 22 is 0.144 mb.
In order to obtain reaction cross sections from the unit
values, we need the equivalent of a spectroscopic factor.
From the approximation of no correlations it follows
from simple combinatorics that for p particles in the
valence shell this factor is Sp  pp 1=2. Thus for
28Mg with p  4 we obtain 622  1:8 mb, measured
value 1.50(10) mb, for 34Si with p  6 we obtain012501-32.2 mb, measured value 0.76(10) mb, and for 30Mg with
p  4 we obtain 1.3 mb, measured value 0.49(5) mb. In
view of the approximations made, all three cases must be
considered to show good agreement between experiment
and the direct-reaction model, demonstrating that we
have, at least, a semiquantitative understanding of the
absolute cross sections. It is tempting to speculate that
the lower values measured for two of the cases could
reflect the coexistence in these nuclei of deformed and
spherical configurations with an appreciable fraction of
the strength spread to states above the neutron threshold.
More realistically, however, it should be kept in mind that
short-range correlations, not included in the shell-model
description, recently have been shown [23] to reduce the
cross sections by a factor Rs  0:5–0:6 for a single deeply
bound proton or neutron. For the case of two protons a
reduction by the square of this might then be a reasonable
expectation.
The same calculation has been applied to the reaction
9Be11Be; 8He nX [10] proceeding between two s
states for the odd neutron. The calculated unit cross
section from Eq. (1) is 1.05 mb. With two protons in the
p shell for 11Be one has S2  1 (Table I). However, this
experiment detected only the s state, which has an occu-
pancy of 74% in the initial state, and there is further a
10% reduction arising from recoil effects [10]. The cal-
culation thus gives a partial cross section of 0.7 mb in
reasonable agreement with the measured approximate
value of 0.35 mb for this broad continuum state.
(ii) Same approximation for the momentum distribu-
tion. The observation of parallel-momentum distributions
centered close to beam velocity in Fig. 1 is, qualitatively,
the equivalent of the strongly forward-peaked angular
distributions that identify low-energy transfer reactions
as direct. To turn the observed momentum shapes and
widths into a quantitative test, we need the differential
equivalent of Eq. (1). The calculation, however, can be
simplified by noting that the momentum distributions
probe the momentum content in the surface of the nucleus
and that this quantity varies slowly with distance from
the core. Therefore, in the uncorrelated approximation,
the distribution for two independent particles is simply
given by the convolution of the separate distributions for
the two nucleons as shown in Fig. 1. The curves confirm
that we are dealing with the direct knockout of two 0d
protons as assumed in (i). Other interpretations, shown in
the figure, agree less well. The momentum distributions
are not very distinct. Furthermore, in a more realistic
theory several different j pairs will contribute to each
angular-momentum channel, so the momentum distribu-
tions are not expected to have the same diagnostic value
as they have for the one-nucleon process [3,5–7].
(iii) Uncorrelated approximation assuming a single
active j shell. With this simplification we can calculate
spectroscopic factors to individual excited levels. For
the even-Z elements neon to silicon it is a good first012501-3
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bering p  2; 4; 6 are in the 0d5=2 subshell. The only
possible final states now have I  0; 2; 4. The corre-
sponding spectroscopic factors SpI are given in
Table I. Note that they sum to the inclusive Sp given by
the formula in (i) and that the highest possible spin is
favored. The values for p  4 are in qualitative agreement
with results for 28Mg, obtained by dividing the partial
cross sections obtained from an input-output intensity
balance by the unit cross section of Eq. (1). However,
this model fails to explain the low cross section to
the 2 state. This suggests a fourth approximation.
(iv) Full diagonalization in the sd shell, simplified
reaction model. Assume now that the two protons which
participate in the reaction are those with 0s internal
(relative) motion. This model has been applied to di-
proton decay [24], and it is an appropriate assumption
for two-nucleon transfer reactions such as p; t [25]. It
cannot be expected to give quantitative results in the
present case, and we tentatively interpret the outcome
as a relative spectroscopic factor. This is obtained by
projecting the shell-model two-particle overlap obtained
with a complete sd-shell wave function onto a two-
particle wave function which represents the two protons
correlated with ‘  0 for the relative motion with total
spin S  0 and total isospin T  1. Using the formalism
developed in [26] the relative spectroscopic factor is
Srel  jh"A 2; Z 2   cj"A; Zij2; where " are
the sd-shell wave functions and  c is the diproton cluster
wave function. The di-proton spectroscopic factors nor-
malized to the experimental value for the 4 state are
given in Table I. They are in qualitative agreement with
experiment; in particular, we note that in this truncated
limit the reduced cross section to the first 2 state can be
understood.
In conclusion, we have shown that when a neutron-rich
projectile reacts with a light nuclear target, the knockout
of two protons occurs as a direct reaction. Consequently,
the observed partial cross sections to individual final
levels convey selective information about nuclear struc-
ture. We expect the same to be the case for two-neutron
knockout from a proton-rich nucleus. More experiments
and also the development of a more complete reaction
theory are interesting challenges. The experimental re-
sults suggest that the pattern and absolute magnitudes of
the partial cross sections will provide specific informa-
tion on the detailed nature of the states involved. This
calls to mind the ‘‘fingerprints’’ characteristic of one- and
two-nucleon transfer reactions on complex nuclei; see
Ref. [27]. It is interesting to note that, measured from
beta stability (31P), 28Mg is less than half way to the drip
line (22C). This implies that this new direct reaction will012501-4be a viable method in a wide region extending to the
drip line.
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